Background: Midregional proadrenomedullin (MR-proADM) is a potential prognostic biomarker in patients with community-acquired pneumonia (CAP). Previous work has been hampered by sample size and illness spectrum limits. We sought to describe the pattern of MR-proADM in a broad CAP cohort, confirm its prognostic role, and compare its performance to procalcitonin, a novel biomarker of infection. Methods: We conducted a multicenter prospective cohort study in 28 community and teaching EDs. Patients with a clinical and radiographic diagnosis of CAP were enrolled. We stratified MR-proADM levels a priori into quartiles and quantified severity of illness using the pneumonia severity index (PSI); and confusion (abbreviated mental test score of < 8), urea > 7 mmol/L, respiratory rate > 30 breaths/min, BP < 90 mm Hg systolic or < 60 mm Hg diastolic, age > 65 years (CURB-65). The primary outcome was 30-day mortality. Results: A total of 1,653 patients formed the study cohort. MR-proADM levels consistently rose with PSI class and 30-day mortality (p < 0.001). MR-proADM had a higher area under the curve for 30-day mortality than procalcitonin (0.76 vs 0.65, respectively; p < 0.001), but adding MR-proADM to the PSI in all subjects minimally improved performance. Among low-risk subjects (PSI classes I to III), mortality was low and did not differ by MR-proADM quartile. However, among high-risk subjects (PSI class IV/V; n ‫؍‬ 546), subjects in the highest MR-proADM quartile (n ‫؍‬ 232; 42%) had higher 30-day mortality than those in MR-proADM quartiles 1 to 3 (23% vs 9%, respectively; p < 0.0001). Similar results were seen with CURB-65. MR-proADM and procalcitonin levels were generally concordant; only 6% of PSI class IV/V subjects in the highest MR-proADM quartile had very low procalcitonin levels (< 0.1 ng/mL). Conclusions: In our multicenter CAP cohort, MR-proADM levels correlate with increasing severity of illness and death. High MR-proADM levels offer additional risk stratification in high-risk CAP patients, but otherwise MR-proADM levels do not alter PSI-based risk assessment in most CAP patients.
T
he search for biomarkers that alter prognostic ability in pneumonia and sepsis has not yet produced a reliable tool. One biomarker of interest is midregional proadrenomedullin (MR-proADM), a more stable, easier to measure, stoichiometrically equivalent, midregion fragment of the parent precursor of adrenomedullin. 1 Adrenomedullin is a peptide produced by multiple tissue types during physiologic stress, and has pluripotent function, including vasodilatory, antimicrobial, and antiinflammatory activity. 2 In animal models of sepsis, [3] [4] [5] exogenous adrenomedullin reduces acute lung injury, vascular permeability, and death; endogenous overexpression similarly ameliorates the septic insult. Human data are sparse, but early studies 6, 7 reported high adrenomedullin levels associated with increased vasodilation and severity of illness in systemic inflammation and septic shock.
In 2006, Christ-Crain et al 8 reported in a singlecenter cohort of Swiss ED patients with communityacquired pneumonia (CAP) that MR-proADM slightly altered the prognostic accuracy of an established CAP clinical prediction rule (pneumonia severity index [PSI] 9 ) and seemed to be a useful risk stratification tool. However, small sample size and high frequency of severe CAP (PSI classes IV/V) limited these findings, leaving the opportunity for clarity in a larger, more diverse CAP population.
We therefore examined MR-proADM levels in a multicenter cohort of ED patients with CAP. We sought to (1) describe the pattern of initial MRproADM in CAP and (2) confirm the potential prognostic role in CAP. We also compared the prognostic performance of MR-proADM, the PSI, and procalcitonin, a novel biomarker of infection. We have previously examined the PSI and procalcitonin prognostic abilities. 10 
Materials and Methods

Study Design and Setting
We conducted a multicenter, prospective cohort study of patients presenting to the EDs of 28 teaching and nonteaching hospitals in southwestern Pennsylvania, Connecticut, southern Michigan, and western Tennessee between November 2001 and November 2003 (Genetic and Inflammatory Markers of Sepsis [GenIMS] ). GenIMS investigated the relationship between inflammatory molecule expression, clinical course, and outcome in patients with CAP and sepsis. As part of this aim, we sought to determine the pattern and potential prognostic role of initial MR-proADM in CAP.
Selection of Participants
Eligible subjects were Ն 18 years old with both a clinical and radiologic ED diagnosis of pneumonia as per Fine et al. 9 We excluded those subjects who had transferred from another hospital, been discharged from a hospital within the prior 10 days, had experienced a previous episode of pneumonia within the past 30 days, were receiving long-term mechanical ventilation, had cystic fibrosis, had active pulmonary tuberculosis, had a known positive HIV antibody titer, had alcoholism with evidence of end-organ damage, had been admitted to the hospital for palliative care, had been enrolled previously in GenIMS, were incarcerated, or were pregnant. We obtained informed consent from the subjects or their legally authorized representative. The institutional review boards of the University of Pittsburgh and all participating sites approved the study.
Data Collection and Processing
We gathered baseline and sequential clinical information by structured patient or proxy interviews, bedside assessment by study nurses, and standardized medical record reviews. We did not obtain presenting day blood samples from patients presenting after 11:00 pm or on weekends and holidays for logistical reasons; all other patients had blood sampled as soon as possible after consent. Study personnel anticoagulated blood samples with heparin and separated plasma by centrifugation within 1 h of collection. The immediately frozen plasma was shipped on dry ice to a central laboratory where it was stored at Ϫ80°C. We tracked clinical data and blood samples using unique anonymized identification numbers, merging data only after assay completion. We observed strict data confidentiality and audited clinical data and assays for accuracy, including random chart audits, repeat blood assays, and computer flags for inconsistencies.
Methods of Measurement
We measured MR-proADM using a new sandwich immunoassay (MR-proADM; BRAHMS; Hennigsdorf, Germany). 11 The assay has a functional assay sensitivity of 0.12 nmol/L. Study nurses ascertained deaths in the hospital. Post-hospital discharge deaths were ascertained by telephone and a National Death Index search. We enrolled subjects between November 2001 and November 2003, locked clinical data in 2004, completed assays in 2005, and petitioned complete National Death Index data when it became available in 2006. We prospectively assessed severity of illness using PSI, and a priori stratified MR-proADM into quartiles. 12 
Outcome Measures
Our primary outcome was 30-day mortality, the traditional end point used for clinical prediction rules in CAP, including the PSI. Secondary outcomes included 90-day and 48-day mortality, the latter to facilitate comparison with the primary mortality outcome in the study by Christ-Crain et al. 8 
Statistical Analysis
We used the Jonckheere-Terpstra test to determine the trend among levels of MR-proADM, temperature, and leukocyte count across PSI class. We also generated descriptive data, comparing initial presentation and outcome measures across MR-proADM quartiles. To test for differences across MR-proADM quartiles for continuous variables, we used the Kruskal-Wallis test. To test for trends across MR-proADM quartiles for ordinal variables, we Manuscript received August 13, 2008 ; revision accepted Marchused the Jonckheere-Terpstra trend test. We considered a p value Ͻ 0.05 as statistically significant.
We generated Kaplan-Meier plots stratified by MR-proADM quartile and used log-rank testing to test for difference. We generated receiver operating characteristic curves for 30-day mortality, for MR-proADM and PSI alone, and then together in a combined model. We also evaluated the test characteristics of the Christ-Crain et al 8 proposed an optimal cutoff MR-proADM value of 1.8 nmol/L to predict mortality. Last, to understand potential MR-proADM independent prognostic values beyond PSI, we generated Kaplan-Meier plots, stratified by MRproADM quartile within each PSI class. We defined low risk as PSI classes I to III, and high risk as PSI classes IV and V. 8 We used the same approach to determine the prognostic value of adding MR-proADM to confusion (abbreviated mental test score of Յ 8), urea Ն 7 mmol/L, respiratory rate Ն 30 breaths/min, BP Ͻ 90 mm Hg systolic or Ͻ 60 mm Hg diastolic, age Ն 65 years (CURB-65) score, and defined low risk as CURB-65 group 1 and high risk as CURB-65 groups 2 and 3. 13 To compare the prognostic performance of MR-proADM and procalcitonin, we used the Wald statistic to test for differences in the area under the curve (AUC) for each biomarker for 30-day mortality prediction. We also compared MR-proADM quartile vs procalcitonin tier (I, Ͻ 0.1; II, Ն 0.1, Ͻ 0.25; III, Ն 0.25, Ͻ 0.5; IV, Ն 0.5 ng/mL), 10 for all subjects and for the high-risk subjects in particular, to understand the similarities and differences between the two biomarkers.
Results
Baseline Characteristics
Of the 2,320 subjects enrolled in GenIMS, 1,653 (71.3%) had an MR-proADM level measured on the presenting day and formed the study cohort (Fig 1) . Median time from ED admission to first blood sample collection was 1.3 h. Table 1 lists the baseline characteristics of the study cohort. We had complete ED PSI data in 1,385 of the 1,653 cohort subjects (84%). Subjects were predominantly white, and 39% were identified as being at high risk by PSI, with most subjects admitted to the hospital. The mean age Enrolled in GenIMS (n=2320)
Study cohort (n=1653)
• MR-proADM not measured on presenting day (n=667)
• Refused (n=1031)
• Unable to obtain consent (n=118)
• Discharged before contact (n=60)
• Died before contact (n=2)
• Other or unknown (n=19) Figure 1 . Flow diagram of study. was 65 years (SD, 18.5) and one-half were men. Median MR-proADM and interquartile range (IQR) at presentation were 1.0 nmol/L (IQR, 0.7 to 1.5 nmol/L).
MR-proADM and CAP Severity
MR-proADM levels consistently rose as PSI class advanced from I/II to V (p Ͻ 0.001) [Fig 2] . Differences across PSI class were not significant for temperature (p ϭ 0.18) and leukocyte count (p ϭ 0.13). In MR-proADM quartile 1, 73% of subjects were in PSI class I/II; in MR-proADM quartile 4, 70% were in PSI class IV/V ( Table 2) . As MR-proADM quartile rose, length of stay and the proportions of subjects who were admitted to the ICU, received vasopressors, and had a clinically significant positive culture finding also rose.
MR-proADM as a Prognostic Marker for Mortality
MR-proADM quartile strongly correlated with mortality, showing consistent progression across quartiles (Fig 3, Table 2 ). Median MR-proADM levels were higher (p Ͻ 0.0001) in 30-day nonsurvivors (1.6 nmol/L; IQR, 1.1 to 2.8 nmol/L) vs survivors (0.9 nmol/L; IQR, 0.7 to 1.4 nmol/L).
Receiver Operating Characteristic Curve Analyses
For our primary outcome of 30-day mortality, the AUC for MR-proADM was 0.76. Testing the 1.8 nmol/L cutoff proposed by Christ-Crain et al, 8 we found a sensitivity of 0.46, specificity of 0.86, positive likelihood ratio of 3.3, and negative likelihood ratio of 0.6. Our optimal prognostic cutoff (maximum combined sensitivity and specificity) for MRproADM was 1.3 nmol/L, with a sensitivity of 0.68, specificity of 0.73, positive likelihood ratio of 2.5, and negative likelihood ratio of 0.44.
The AUC of a combined model using MRproADM and PSI together was 0.84 and did not differ from the AUC of PSI alone (0.83) [Fig 4] . Similar AUC results were seen for a combined model using MR-proADM and CURB-65 (0.80), and CURB-65 alone (0.78). Similar test characteristics were seen for 48-day and 90-day mortality.
MR-proADM Stratification Within PSI Class
In PSI classes I to III, mortality rates were low and did not significantly differ across MR-proADM quartiles ( Fig 5, Table 2 ). However, within PSI classes IV/V (n ϭ 546), subjects in the highest MR-proADM quartile (n ϭ 232; 42%) had a higher 30-day mortality rate vs those in MR-proADM quartiles 1 to 3 (23% vs 9%, respectively; p Ͻ 0.0001). Differences were also significant at 48 days (26% vs 10%, respectively; p Ͻ 0.0001) and 90 days (33% vs 14%, respectively; p Ͻ 0.0001). Similar results were seen with CURB-65. In CURB-65 group 1, mortality rates were low for all MR-ProADM quartiles; within CURB-65 groups 2 and 3 (n ϭ 826), subjects in the highest MR-proADM quartile (n ϭ 353; 43%) had a higher 30-day mortality rate vs those in MRproADM quartiles 1 to 3 (18% vs 6%, respectively; p Ͻ 0.0001). (6) 4 (1) 14 (3) 24 (6) 64 (15) 48-d mortality Ͻ 0.0001 119 (7) 4 (1) 16 (4) 28 (7) 71 (17) 90-d mortality Ͻ 0.0001 161 (10) 6 (1) 24 (6) 39 (9) 92 ( (13) 20 (5) 27 (7) 57 (14) 111 ( (13) 31 (7) 45 (11) 50 (12) 89 (22) Bacteremia Ͻ 0.0001 107 (6) 7 (2) 19 (5) 26 (6) 55 (13) Values are given as No. (%), unless otherwise indicated. *Test for trend across quartiles, using the Jonckheere-Terpstra test for trend for ordinal variables, and test for differences across quartiles using the Kruskal-Wallis test for continuous variables. LOS ϭ length of stay (admitted patients). †PSI was measured in the ED in 1,385 subjects (84%). There were no significant differences between subjects who did, and did not, have a PSI measured. ‡Values are given as the mean (SD). §Values are given as the mean (SD)/median. We defined a clinically significant culture result according to published guidelines and previous literature. 18 -25 For example, single blood cultures that yielded coagulase-negative staphylococci sputum culture findings that yielded normal oral flora were not counted as being clinically significant. Low MR-proADM values (quartile 1) had a limited negative predictive value among subjects in PSI classes IV/V. This occurred rarely (8%; 44 of 546 subjects), and the 30-day mortality rate in these subjects, although below that predicted by PSI, was still clinically important (7%; 3 of 44 subjects).
MR-proADM vs Procalcitonin
The AUC for 30-day mortality for MR-proADM was higher than that for procalcitonin (0.76 vs 0.65, respectively; p Ͻ 0.001). The two biomarkers were generally concordant (Table 3) . Among subjects in MR-proADM quartile 1, 61% were in procalcitonin tier 1; among subjects in MR-proADM quartile 4, 66% were in procalcitonin tier 4. Similar patterns were seen when restricted only to the high-risk PSI class IV/V subjects. Notably, only 6% of the PSI IV/V subjects in the highest MR-proADM quartile were in the lowest procalcitonin tier.
Discussion
Our findings confirm the prognostic value of MR-proADM in patients with CAP, but we also note important differences from the original Swiss study. Although we also found that MR-proADM strongly correlated with PSI and mortality, we identified a lower optimal cutoff value in our study cohort. Furthermore, Figure 5 . Kaplan-Meier survival curves by PSI class and MR-proADM quartile. In PSI classes I to III, mortality was low, and stratification by MR-proADM quartile did not provide additional information. In PSI classes IV/V, patients in the highest proADM quartile had the highest mortality.
PSI Class III
we observed that the prognostic utility of MR-proADM beyond PSI was limited to high-risk subjects. Differences in study cohort and methodology may explain the differing findings. Our study cohort had a more broadly spread level of CAP severity as measured by PSI class distribution than the Swiss cohort, especially more class I to III patients who may better represent ED CAP populations. ChristCrain et al 8 also used "failure at follow-up" as a primary outcome, defining failure as a combination of death, recurrence, or persistence of CAP. Using a combined end point created a higher event rate and may have improved test characteristic results, although the combined events clearly vary widely in impact despite being analyzed together. For mortality alone, although our end points differed from theirs (30-day vs at follow-up, respectively), we found identical AUC results for MR-proADM.
Although the previous authors found a very small prognostic benefit of MR-proADM when added to the PSI based on AUC evaluation, we believe the absence of that same enhancement in our study is not a meaningful conflict. Specifically, their incremental AUC increase (0.73 to 0.77) does not largely differ from our observation (0.83 to 0.84). Last, our larger, multicenter cohort improved generalizability and allowed us to perform within-PSI class analyses.
Although adrenomedullin appears protective in animal models of infection, we found that subjects in the highest MR-proADM quartile had the highest mortality, most notably subjects already judged to be high risk. Previous laboratory work 14 examining adrenomedullin in cardiovascular disease also found that adrenomedullin has beneficial properties, whereas clinical cardiovascular studies 12, 15, 16 showed that high levels of adrenomedullin and MR-proADM were associated with worse patient outcomes. Similar to our results, Khan et al 12 reported that in acute myocardial infarction, subjects in the highest MRproADM quartile had the highest mortality, especially in those subjects with an elevated pro-B-type natriuretic peptide level. Elevated MR-proADM levels have also been associated with increased mortality in patients experiencing acute exacerbations of COPD. 17 This seeming dichotomy likely represents a "fire vs firefighter" epiphenomenon, where the proportional presence of firefighters at a fire reflects their protective, rather than causative, role. The high MR-proADM levels seen with increased illness severity and mortality may represent an endogenous, protective role for adrenomedullin. In particular, adrenomedullin may decrease infection-induced organ damage, 5 inflammation, and apoptosis. 3 Our observational design cannot unravel this protective role, yet we confirm previous observations that high MR-proADM levels add a prognostic marker in patients clinically deemed to be high risk for death.
We sought to examine MR-proADM prognostic ability, alone and in conjunction with the PSI score. Although MR-proADM performed similarly to PSI in receiver operating characteristic curve analyses, it is unknown whether MR-proADM could serve as a substitute for PSI. Clearly, PSI use in daily practice can be limited by clinician recall, lack of implementation tool availability, and appropriate application. Biomarkers may provide objective, individualized, prognostic information not subject to physician recall or bias, yet limited data support this notion.
Both MR-proADM and procalcitonin correlate with CAP severity and mortality, and although MRproADM performs better as a stand-alone test in receiver operating characteristic curve analyses, when added to established clinical prediction rules, neither substantially improves prediction rule performance when applied to all patients. 10 However, Kaplan-Meier curves stratified by PSI and biomarker levels yield intriguing observations. Neither biomarker could differentiate mortality among low-risk patients, whereas in high-risk patients both biomarkers showed significant, yet unique differentiation, with the highest levels of MR-proADM associated with the highest mortality, and the lowest levels of procalcitonin associated with the lowest mortality. However, because the two biomarkers are rarely discordant at the extremes, their incremental value to each other appears low. Future work should examine models incorporating MR-proADM, procalcitonin, other potential biomarkers of infection, and the individual elements of established clinical prediction rules, and attempt to create a de novo risk stratification tool with greater prognostic power and ease of use. Our study has limitations. First, we did not track the recurrence or persistence of CAP and could not examine the combined end point of failure of the study by Christ-Crain et al. 8 Second, the identification of additional risk in a patient already deemed to be at high risk limits the overall clinical value. Last, we did not study MR-proADM serially, and we cannot comment on the value of that strategy in detecting subclinical deterioration, guiding care, or enhancing prognosis.
Conclusions
In our multicenter CAP cohort, MR-proADM level correlated with severity of illness and death. High MR-proADM levels offer additional risk stratification in high-risk CAP patients, but otherwise MR-proADM levels do not alter PSI-based risk assessment in most CAP patients.
